INTRODUCTION

M
ultiple chemical sensitivity (MCS) was defined by Cullen in 1987 as an acquired disorder that develops after some identifiable environmental exposure. This condition was characterized by recurrent symptoms, referable to multiple organ systems, occurring in response to demonstrable exposure to many chemically unrelated compounds at doses far below those established to cause harmful effects in the general population (1) .
The most recent and now widely used case definition of this disorder is a consensus published in 1999: 1) the symptoms are reproducible with repeated chemical exposure, 2) the condition is chronic, 3) low levels of exposure (ie, lower than previously or commonly tolerated) result in manifestations of the syndrome, 4) the symptoms improve or resolve when the incitants are removed, 5) responses occur to multiple chemically unrelated substances, and 6) symptoms involve multiple organ systems (2) .
The clinical characteristics of MCS patients are usually evaluated using questionnaires such as the Environmental Exposure and Sensitivity Inventory (EESI) (3) or clinical interviews that rely on the subjects' retrospective self-reports. However, humans do not have infinite recall capacity and events may fade from memory over time. There are several cognitive processes involved in recall that introduce significant bias into the information recalled (4, 5) . In MCS patients, the definitions of this syndrome that multiple symptoms are provoked in multiple organs by exposure to, and ameliorated by avoidance of, multiple chemicals at low levels have not been confirmed in actual life. In addition, we found that MCS patients did not complain of psychologic symptoms as often as somatic symptoms in a clean room (6) , although problems with mood are included among the symptoms in the EESI and MCS patients were reported to have higher rates of current psychiatric disorders (7, 8) . This finding suggests that there is a discrepancy between the symptoms experienced in actual life and those reported retrospectively under conditions with no chemical exposure. Therefore, it should be clarified when, where, and to what extent they experience psychologic as well as somatic symptoms compatible with the definition of this syndrome. Although paper-and-pencil diaries are commonly used to record symptoms in natural settings, they have serious problems with regard to actual compliance (9) . Recently, the computerized Ecological Momentary Assessment (EMA) has been developed to capture phenomena at the moment they occur in natural settings, thus maximizing ecologic validity avoiding retrospective recall and compliance problems (4) .
Provocation challenges were used to investigate whether the patients actually show differential responses to low concentrations of chemical agents compared with room air (10 -12) . In this method, we can investigate only a few of various chemical agents that could produce MCS symptoms in everyday life. Therefore, this method does not always guarantee that the chemicals identified are the cause of MCS symptoms in a natural setting. To resolve these problems, Shinohara et al.
(13) developed a sampling methodology using both active sampling (AS) and passive sampling (PS) methods (the AS-PS method) to identify dozens of carbonyl compounds and volatile organic compounds (VOCs) in the surrounding air that induce hypersensitivity symptoms and to determine their concentrations. MCS patients were asked to carry both active and passive samplers for 1 week. When the hypersensitivity symptoms appeared, subjects turned on the pump connected to the active sampler until the symptoms disappeared. Concentrations obtained by the AS method represent exposure levels for the period during which the patient had hypersensitivity symptoms. On the other hand, the concentrations obtained by the PS method represent the patient's personal exposure levels for the entire periods of monitoring. The compounds of which the concentrations measured by the AS method were higher than those determined by the PS method were assumed to be those responsible for the hypersensitivity symptoms. The present study was performed to confirm in actual life the definitions of this syndrome in which multiple symptoms occur coincident with exposure to multiple chemicals at low levels and abate in their absence. This was performed as follows: 1) determination of the responsiveness of MCS patients to various chemicals using the AS-PS method, 2) clarification of the symptom profiles of MCS patients in actual life using the EMA, and 3) confirmation of the correspondence of chemical exposure and symptom manifestations in actual life by simultaneously recording multiple chemical exposure and symptoms. Then the following two hypotheses on symptom profiles of MCS patients with exposure to multiple chemicals were tested: 1) There are significant differences in not only physical symptoms, but also psychologic symptoms between when MCS patients have episodic symptoms and when they do not; and 2) there are no significant differences in any items of physical or psychologic symptoms between patients with no episodic symptoms and control subjects. These methods can confirm that exposure to chemicals triggers symptoms. However, it does not necessarily follow that they are the actual cause of the symptoms because Pavlovian conditioning to a specific environment where some chemicals are present could produce similar symptoms without the biologic effects of the chemical agents (14) . Furthermore, the present strategy cannot exclude the possibility that some patients may intentionally expose themselves to chemical agents to confirm the association they believe to be present or that others may withhold reports of symptoms occurring in the absence of an obvious chemical source, which can bias the results of the study. Therefore, although the results of this study may not be a sufficient condition for confirming the definition of MCS, they must be a necessary condition for it, which has not been proved previously.
METHODS
Subjects
Eighteen patients with MCS and 12 healthy controls participated in this study (Table 1) . MCS was diagnosed according to the 1999 consensus criteria (2) at the Environmental Control Unit of the Kitasato Institute Hospital between November 2001 and March 2002 (n ϭ 18). Four patients were excluded because one was in poor compliance with the EMA, one caught a common cold during the study, one showed deterioration of depression during the study, and one could not stand the smell of the nylon strap of a small watch-type computer used for the EMA. Eleven patients had identifiable onset such as moving into a new house or office, whereas three patients did not; these cases were designated according to Fiedler et al. (7) as MCS and chemical sensitivity (CS), respectively ( Table 2 ). Healthy controls were recruited through a magazine advertisement for the larger MCS research project, including a clinical interview, questionnaire surveys, and autonomic function tests, in addition to the present EMA study, on the following conditions: 1) Controls were healthy individuals aged 20 to 70 years; 2) they had either moved to a new house or renovated their home during the past 3 years; 3) they were not taking medicine prescribed by medical facilities; and 4) none had been diagnosed as having MCS or Sick Building Syndrome. Thirty-two subjects participated in the project and all of them had heard of MCS or Sick Building Syndrome before the study. One female subject was excluded because she was diagnosed as having MCS based on the 1999 consensus criteria at the initial interview. Because the subjects in the EMA study must operate small electronic devices accurately, an exclusion criterion of age Ͻ20 or Ͼ55 years was set for all subjects. Twelve control subjects participated in this study after receiving a detailed explanation of the entire protocol. Although the demographic variables, including gender, education, occupation, marriage, and age, were not significantly different between the two groups, the number of female subjects was somewhat larger in the control group (Table 1) , and the effect of gender was controlled for in the statistical analysis of symptom profiles. We thus controlled for exposure to relevant chemicals in the indoor environment and knowledge of the disorder in addition to these demographic variables between the MCS and healthy subjects. This study was approved by the Human Ethical Committee of the Kitasato Institute Hospital, and all participants gave their written informed consent to participate.
Procedures
The Mini International Neuropsychiatric Interview (M.I.N.I.) (15) was used to assess the comorbidity of psychiatric disorders. After the interview, participants were instructed to keep an electronic diary (ED) with individualized training for its use. The ED is a small watch-type computer (Ruputer, 52 g; Seiko Instruments Inc., Tokyo, Japan) using software specially developed for this study. Questions were presented in simple Japanese language on two lines of an eight-character LCD screen. Participants used a "navigation joystick" to scroll through a lengthening and shortening bar scale with 21 steps to record the severity of each symptom at that moment.
Each participant was requested to wear the ED 24 hours per day during the 1-week study period. MCS patients were instructed to respond to the ED once in the morning and once in the afternoon prompted by beeps at random intervals (random prompts) and to answer the same ED questions when they experienced hypersensitivity symptoms that were sufficiently annoying to record (patient-initiated symptom prompts). We allowed the possibility that the criteria to respond to the ED might vary across the patients because of the subjective nature of their symptoms. On the other hand, controls were instructed to answer the ED four to five times per day in response to beeps at random intervals (random prompts). Because none of the control subjects had as strong episodic symptoms as were diagnosed with MCS, they were not instructed to respond to the ED based on their subjective symptoms. In addition, all of the participants were asked to respond to the ED interview when they woke up at the start of each day and when they went to bed at the end of each day. The former ED interview only inquired about the quality of sleep. The random beeps were stopped during sleep.
The ED asked subjects about location, activities, physical symptoms (17 items designed to evaluate representative symptoms of MCS after the EESI, including fatigue, concentration problems, forgetfulness, sore throat, headache, muscle weakness, joint pain, muscular pain, nausea, breathlessness, abdominal pain, feverishness, eye irritation/problems, skin itching/problems, dizziness/vertigo, stuffy or runny nose, palpitations) and mood states (nine items in the Depression and Anxiety Mood Scale [DAMS]) (16) . The DAMS was composed of nine adjectives representing mood states and was developed to measure anxious and depressive mood as separately as possible. The scale included three factors: anxious mood, positive mood, and negative mood, the last two of which were combined to represent the fourth subscale, total depressive mood.
MCS patients were requested to carry an air sampling pump (AirCheck2000; SKC Ltd., Dorset, UK. 14.2 ϫ 7.6 ϫ 5.8 cm, 624 g) with two cartridges for carbonyl compounds and VOCs, respectively, for the AS method and two passive samplers for carbonyl compounds and VOCs, respectively, without an air sampling pump for the PS method for 1 week. Controls were asked to carry only two passive samplers for the PS method for 1 week because none had as strong episodic symptoms as were diagnosed with MCS. For the sampling of carbonyl compounds (formaldehyde, acetaldehyde, and acetone), a 2,4-dinitrophenyl-hydrazine (DNPH) cartridge (XPoSure Aldehyde Sampler; Waters Ltd., Milford, MA) was used for both AS and PS methods, whereas for the sampling of VOCs (chloroform, 2,4-dimethylpentane, 1,2-dichloroethane, 2,2,4-trimethylpentane, 1,2-dichloropropane, heptane, trichloroethylene, chlorodibromomethane, octane, tetrachloroethylene, 1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene, 1,2,3-trimethylbenzene, butanol, ethyl acetate, 1,1,1-trichloroethane, benzene, toluene, butyl acetate, ethenylbenzene, m/p-xylene, styrene, o-xylene, p-dichlorobenzene, ␣-pinene, decane, undecane, nonanal, 1,2,4,5-tetramethylbenzene, dodecane, tridecane, tetradecane, pentadecane, and hexadecane), a charcoal tube (standard type [8015-054]; Shibata Scientific Technology Ltd., Tokyo, Japan) was used for the AS method and a passive gas tube (8015-066; Shibata Scientific Technology Ltd.) was used for the PS method. The patients were asked to turn on the pump at the moment hypersensitivity symptoms appeared together with answering the ED questions and to switch it off when the symptoms disappeared.
Gas Sampling Data Analysis
Shinohara et al. (13) conservatively defined a compound as likely to be causative of MCS when the following condition is satisfied: MCS ϭ multiple chemical sensitivity.
where C AS is the concentration of exposure estimated by the AS method (ppb), RSD AS is the relative SD (RSD; the SD divided by the mean multiplied by 100) of repeatability test in the AS method (%), C PS is the concentration of exposure estimated by the PS method (ppb), and RSD PS is the RSD of repeatability test in the PS method (%). RSD AS and RSD PS of each chemical substance were obtained as follows. The concentrations of exposure were measured by five active and five passive samplers in each of several different places for 8 hours and for 1 week, respectively, the RSD of five measurements was calculated for each chemical in each place, and the largest RSD was designated as the RSD of the measured substance. The RSD is usually used as the degree of measurement accuracy, and differences fulfilling these mentioned criteria can be regarded as significant.
Statistical Analysis
The following two hypotheses on symptom profiles of MCS patients were tested by linear mixed models using the SAS MIXED procedure (17): 1) There are significant differences in the scores of not only physical symptoms, but also mood states between the interview based on patient-initiated symptom prompts and that based on random prompts in the MCS patient group; and 2) there are no significant differences in any items of physical symptoms or mood states between the patient and control groups in the interview based on random prompts. The linear mixed model for the former hypothesis included a random effect for subjects and a fixed effect for the event of experiencing symptoms. The model for the latter hypothesis included a random effect for subjects and a fixed effect for the groups. A power analysis for linear mixed models (18) was performed to ensure that nonsignificant results in the latter hypothesis testing were not the result of low statistical power. The detectable effect size was 0.29 if type I error was 0.05, type II error was 0.20, and the number of subjects was 25 with 20 samples each. Cohen (19) reported previously that effect sizes of 0.20 and 0.50 are small and medium, respectively. Therefore, the analyses performed in the present study should have sufficient power to detect at least a medium-sized effect. To control for the effect of gender, sex was included as a covariate in both models as mentioned in the Subjects section. Because a large number of comparisons (17 physical symptoms and four mood states) were included in each hypothesis testing, Bonferroni corrections were applied resulting in a significant p value of Ͻ.0023 (.05 divided by 21).
In addition, to compare the exposure levels to multiple chemicals during the entire periods of monitoring between the patient and control groups, the passive sampling data were assessed by Wilcoxon's rank sum test. Because the medians of 19 of 30 chemical compounds measured by passive sampling were below the levels of detection in both groups, the remaining 11 compounds were analyzed.
RESULTS
Psychiatric Comorbidity
Seventy-nine percent (11 of 14) of MCS patients and none of controls were compatible with one or two Axis I psychiatric diagnoses. Agoraphobia without history of panic disorder was diagnosed in 71% (10 of 14) of MCS patients. Lifetime panic disorder with agoraphobia, social anxiety disorder, and major depressive disorder were diagnosed in one patient each (Table  2) .
Chemical Exposure
The possible causative chemicals for each patient are listed in Table 3 . Some causative chemicals were detected in 79% (11 of 14) of MCS patients. One subject (A13) reported episodic symptoms but no possible chemical was detected. This suggested that a diagnosis of MCS might not be correct for this subject although the possibility could not be ruled out that he responded to some other chemicals than were measured by the AS-PS methods. Therefore, he was excluded from subsequent analyses of symptom profiles (Table 1) . Two other patients did not report any hypersensitivity episodes, and passive sampling showed far lower levels of exposure to chemicals than control subjects (see subsequently), suggesting that they avoided chemicals because they feared the symptoms of hypersensitivity. The exposure levels to multiple chemicals during the entire periods of monitoring for each group are shown in Table 4 . The medians of nine of 11 chemicals were lower in the patient group than in the control group, and the differences were significant for four chemicals, including possible causative agents for many MCS patients according to Table 3 such as formaldehyde, acetaldehyde, and toluene. The exposure levels of these four chemicals of the two patients mentioned were less than or equal to the medians of the patient group except for the toluene exposure level of patient A4 (33.0 g/m 3 ).
Symptom Profile
The 13 MCS patients responded to 226 beeps and the 11 MCS patients reported 128 episodes of hypersensitivity. The 12 controls responded to 410 beeps.
Analysis within the MCS group in the first hypothesis: The differences in each item score of 17 physical symptoms (Table  5 ) and four mood measures (Table 6) were analyzed between the interviews based on patient-initiated symptom prompts and those based on random prompts. The results indicated that the scores of 11 physical symptoms other than skin itching/ problems, abdominal pain, feverishness, joint pain, fatigue, and muscle weakness were significantly higher; three negative mood subscales were significantly higher; and one positive mood subscale was significantly lower in the interviews based on patient-initiated symptom prompts. The effect of gender was significant in none of the 21 measures.
Analysis between the patient and control groups in the second hypothesis: Analyses of the 17 physical symptoms (Table 7) and four mood measures (Table 8 ) revealed no differences between 13 MCS patients and control subjects in the interview based on random prompts. The effect of gender was significant in none of the 21 measures.
DISCUSSION
To our knowledge, this is the first study to clarify the symptom profiles of MCS patients with exposure to multiple chemicals in actual life using the EMA. We also demonstrated the responsiveness of MCS patients to various chemicals using the AS-PS method. In the MCS patients, 11 of the 17 physical symptoms examined and all of four mood subscales were significantly aggravated in the interview based on patient-initiated symptom prompts. On the other hand, there were no differences in physical symptoms or mood subscales between MCS patients and control subjects in the interview based on random prompts. The definition of this syndrome, ie, multiple symptoms are provoked in multiple organs by exposure to, and ameliorated by avoidance of, multiple chemicals at low levels, was thus supported by this study.
Like in previous studies (6,7,20 -23) , MCS patients had significantly higher rates of current psychiatric disorders than normal controls. However, most were agoraphobia without history of panic disorder that can hardly be distinguished from phobias regarding the places where relevant chemicals might be present. We not only identified the causative chemical compounds for inducing hypersensitivity symptoms, but also found no differences between MCS patients without hypersensitivity symptoms and control subjects, suggesting that there are important differences between MCS and depression, somatoform disorders, chronic fatigue syndrome (CFS), and fibromyalgia (FM). However, because the considerable over- *Chemicals fulfilling the following criteria were listed: C AS ϫ (100 Ϫ RSD AS )ϾC PS ϫ (100 ϩ RSD PS ), where C AS is the concentration of exposure estimated by the AS method (ppb), RSD AS is the relative SD (RSD; the SD divided by the mean multiplied by 100) of repeatability test in the AS method (%), C PS is the concentration of exposure estimated by the PS method (ppb), and RSD PS is the RSD of repeatability test in the PS method (%). tr ϭ trace; ND ϭ not detected.
lap among unexplained illness syndromes such as MCS, CFS, and FM, have led some to suggest that all may be variants of a single functional disorder (7,24 -26) , the present method should be used to investigate whether the different symptom profiles are indeed seen in patients with CFS and FM without comorbid MCS. In this study, 12 patients reported hypersensitivity episodes, whereas no causative chemical was detected by the AS-PS method in one of them (A13). This subject had a history of panic disorder and might have continued to experience limited symptom attacks even during the study period. In this respect, it is noteworthy that his mean scores of not only muscle weakness and muscular pain, but also abdominal pain were higher than those of 13 MCS patients reported in the interview based on random prompts. Although the item score of abdominal pain was not significantly higher even before Bonferroni correction in 11 MCS patients in the interview based on random prompts, the diagnostic criteria for panic attack include abdominal distress and high comorbidity rates of panic disorder and irritable bowel syndrome have been reported (27) . When MCS is diagnosed according to the 1999 consensus criteria, the subjects who have similar episodic symptoms for reasons other than chemical exposure cannot always be excluded, and the AS-PS method is very useful in such cases.
On the other hand, two MCS patients did not report any hypersensitivity episodes during the week of the study period. This was probably because these two patients avoided causative chemicals during the study period, considering their far lower levels of exposure to possible causative chemicals for many MCS patients such as formaldehyde, acetaldehyde, or toluene, as indicated by the AS-PS method. However, they may have similar symptoms when exposed to these chemicals because they were indeed diagnosed as having MCS. Therefore, in addition to those patients 1) who have acute symptoms that are reproduced with chemical exposure, there are some patients 2) who do not have acute symptoms because they avoid the causative chemicals. In the former cases, we can make full use of the AS-PS and EMA methodology, because the score of symptoms will be significantly aggravated under the symptomatic condition, and the causative chemicals will be detected. However, the latter cases are difficult to assess by the AS-PS method, although their chronic symptoms can still be detected by the EMA method. In a previous 9-year follow-up study of patients with MCS, 83% of the patients continued to avoid places or situations in which they might encounter chemical fumes or odors, and more than half of the patients continued to report chronic symptoms, including headache, dermatologic complaints, gastrointestinal complaints, and pain (28) . Patients A3 and A4 may have chronic symptoms of this kind. Indeed, the mean scores of abdominal pain, skin itching/problems, palpitation, and forgetfulness of A3 were higher than those of control subjects, and the mean score of positive mood was lower and those of negative mood, and the total depressive mood of A4 was higher than those of control subjects, although the small sample size prevented statistical analyses of these observations. In the future, it will be necessary to devise a methodology to investigate the pathophysiology of the latter cases, eg, the inclusion of an experimental exposure session during the study period. The present EMA method is useful for MCS patients with acute symptoms, but the problem remains that it is only a double-blind provocation challenge test that can reliably exclude the pathology of a Pavlovian conditioning paradigm. If a patient has felt sick repeatedly as a result of some causes other than chemicals in a specific environment where some chemicals are present, some components or context of the environment may become conditioning stimuli to cause similar symptoms. In this case, although some specific chemical agents will also be detected in the AS-PS method, the symptoms will not be induced in the double-blind provocation challenge test because this response is not caused by chemicals. However, the double-blind provocation challenge test also has some problems. As mentioned in the Introduction, we can investigate only a few of various chemical agents that could produce MCS symptoms in everyday life. The process may be rather invasive for MCS patients who often fear undergoing it. In addition, it is very costly because it requires a specific provocation chamber in a clean room. Nevertheless, we plan to evaluate the consistency of the AS-PS method with the double-blind provocation challenge test in as many cases as possible to establish the accuracy of estimation by this method. In addition, Devriese et al. (14) reported that odorous substances with negative affectivity could become conditioning stimuli that are also generalized to new substances. Therefore, it is necessary to check the perception of odors when a provocation challenge test is performed and to consider the presence of odors of detectable levels of various chemicals when examination of possible candidates for hypersensitivity symptoms is performed by the AS-PS method.
In conclusion, MCS patients do not have either somatic or psychologic symptoms under chemical-free conditions, and symptoms may be provoked only when exposed to chemicals.
